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In Brief
B. pseudomallei type VI secretion system, which is activated when bacteria are within the host cytosol, is critical for virulence. However, the activating signal is unknown. Wong et al. show that monomer-to-dimer conversion of a bacterial membrane histidine kinase by cytosolic host glutathione activates type VI secretion.
INTRODUCTION
The type VI secretion system (T6SS) is a virulence mechanism utilized by a wide diversity of Gram-negative bacteria toward both eukaryotic and prokaryotic cells (Jani and Cotter, 2010) . Whereas some bacterial species (e.g., Vibrio and Serratia) that target prokaryotic cells possess constitutively active T6SS (Murdoch et al., 2011; Pukatzki et al., 2006) , most pathogens of eukaryotic hosts have T6SSs that are under tight control by distinctive regulatory systems in response to appropriate signals. Signals required for T6SS activation in various bacterial species are greatly determined by their specific functions and environmental context. Several environmental conditions have been reported to influence the production of T6SS, such as acidity, copper or iron availability, concentration of phosphate and magnesium ions, temperature, biofilm formation, osmolality, and cell-to-cell contact with other bacteria (Chakraborty et al., 2010 (Chakraborty et al., , 2011 . For instance, the T6SS cluster in Yersinia pestis is induced at low temperature at 26 C and repressed at 37 C, which is likely essential for dissemination in the flea vector, which has a lower ambient temperature than the mammalian host (Pieper et al., 2009) . When enteroaggregative E. coli is disseminated to the gut, iron becomes depleted within the stable intestinal biofilm, thereby leading to its T6SS activation (Brunet et al., 2011) , likely promoting adhesion and biofilm formation at the surface of colon epithelial cells (Aschtgen et al., 2008) . For intracellular pathogens such as Francisella tularensis, Salmonella enterica, and Burkholderia species, their T6SSs are only induced inside host cells (de Bruin et al., 2007; Parsons and Heffron, 2005; Shalom et al., 2007) . However, the precise host signals sensed by these pathogens have yet to be reported.
Burkholderia pseudomallei is a Gram-negative saprophyte that dwells in diverse ecological niches. Besides primary reservoirs such as soil and muddy and stagnant water, it seems equally adept at surviving in plants (Holden et al., 2004; Lee et al., 2010) , amoebae (Inglis et al., 2000) , nematodes , and many mammalian species including humans (Sprague and Neubauer, 2004) . Infection with this bacterium can lead to melioidosis, a potentially fatal disease endemic in Southeast Asia, Northern Australia, and other tropical regions (Cheng and Currie, 2005) . B. pseudomallei is a facultative intracellular pathogen. It can invade host cells, escape from the phagosomes, replicate within the host cytosol, and spread to the neighboring cells by inducing multinucleated giant cell (MNGC) formation (Burtnick et al., 2008; Stevens et al., 2002) .
The T6SS1 (also known as T6SS5) of B. pseudomallei is critical for infection in mammalian hosts (Burtnick et al., 2011; Pilatz et al., 2006) . We have previously shown the exclusive expression of T6SS1 genes when B. pseudomallei are inside mammalian cells . This is driven by the promoter in front of the hcp1 gene, which drives the rest of the T6SS1 downstream genes. We further established that the two-component sensorregulator system (TCS) VirAG is the main regulator for T6SS1 expression under these circumstances . We hypothesize that the VirA histidine kinase (HK) senses host intracellular signals for the activation of T6SS1 gene expression. In this study, we discover that B. pseudomallei only turns on T6SS1 when it escapes from the phagosome into the cytosol because VirA senses the presence of reduced glutathione (GSH) in the host cytosol.
RESULTS

T6SS1 Expression Is Induced When the Bacteria Escape into the Host Cytosol
To identify what host signals are inducing T6SS1, we first determined in which cellular compartment the signals for VirAG reside. Bacterial mutants in T3SS3 were known to exhibit delayed vacuole escape at 16 hr post infection as compared to wild-type bacteria, which typically escaped into the cytosol by 8 hr after infection (Burtnick et al., 2008; Stevens et al., 2002) . We took advantage of the delayed escape phenotype in our T3SS3 mutant, DbsaM, to determine where signals for VirA are derived. While hcp1 expression increased exponentially in RAW264.7 cells infected with wild-type bacteria over time, its expression in DbsaM-infected cells remained relatively low for up to 8 hr post infection ( Figure 1A ). The inability of DbsaM to express hcp1 is likely due to its inability to access the cytosolic signal at this time point.
Confocal microscopy was also used to visualize where the bacteria were localized when hcp1 was expressed. The transcriptional fusion Phcp-egfp plasmid was conjugated into both wild-type and DbsaM strains. When the hcp1 promoter is activated, it drives the expression of EGFP and turns the bacterium green. Infected macrophages were stained with anti-LAMP-1 (red) and anti-LPS antibodies (blue) to visualize phagolysosomal compartments and bacteria, respectively. As predicted, a majority of the wild-type bacteria (>60% of intracellular bacteria) had escaped from the LAMP-1 associated compartments into the cytosol at 6 hr post infection, whereas >90% of the DbsaM bacteria remained trapped within the vacuoles, as evidenced by the co-localization of bacteria in blue with red ( Figures 1B and 1C ). Quantitative analysis revealed that most of the wild-type hcp1-expressing bacteria did not co-localize with LAMP-1 markers (about 15% as compared to 2% that co-localized) ( Figure 1D ). In contrast, no green bacteria were observed in DbsaM, as most of the mutant remained confined to the vacuolar compartments ( Figure 1B ). These findings indicate that the signal required for inducing T6SS1 expression is in the cytosol.
Low Molecular Weight Thiols Upregulate T6SS1 Expression through the VirA Sensor
In our screen for intracellular signals that induce T6SS1 expression, we included amino acids, as they are found more (A) Time course of hcp1 expression in RAW264.7 macrophages infected with wild-type (KHW) and DbsaM bacteria. RAW264.7 cells were infected with both strains at an moi of 100:1 for 1, 3, 6, and 8 hr. Transcript levels of hcp1 were determined by qRT-PCR and were normalized to that at 1 hr post infection. Assay was performed in duplicate, and values are means ± SD. Data are representative of three individual experiments. (B) Fluorescence micrographs of RAW264.7 cells infected with KHW and DbsaM. Cells were infected with overnight culture at an moi of 10:1. At 6 hr post infection, cells were fixed, stained, and visualized by fluorescence microscopy. Total intracellular bacteria were stained blue with rabbit anti-B. pseudomallei polyclonal sera and anti-rabbit IgG Alexa Fluor 405. Intracellular bacteria that activated hcp1 promoter were green, and LAMP-1 was stained red with goat anti-LAMP-1 and anti-goat IgG Alexa Fluor 633. DIC microscopy images were shown to reveal cell boundaries. Arrows indicate co-localization of bacteria with LAMP-1 markers. Micrographs are representative of two independent experiments. Scale bars represent 20 mm.
(C) Quantitative analysis of the intracellular wildtype and DbsaM mutant that co-localized with LAMP-1 vacuole in RAW264.7 cells. At least 600 intracellular bacteria of each strain were examined, and the number of bacteria co-localized with LAMP-1 marker is expressed as a percentage of the total number of intracellular bacteria counted. (D) Pie chart representing the percentage of hcp1 expressing bacteria that did not co-localize with the LAMP-1 marker. Three microscopy fields were taken, and a total of at least 600 wild-type intracellular bacteria were counted per sample. The number of green bacteria that did or did not colocalize with LAMP-1 was counted out of 600 bacteria. Data represent the mean percentage from a duplicate experiment.
abundantly in host cytosol, e.g., during protein degradation and turnover. Only cysteine demonstrated a positive effect out of the 16 amino acids that were examined ( Figure S1 ). To verify this, sulfur-amino acid-free RPMI medium was used for bacterial culture. Addition of cysteine, but not cystine, into the broth culture upregulated hcp1 expression by 100-fold ( Figure 2A ). Similarly, other LMW thiols such as GSH, N-acetylcysteine (NAC), and DTT significantly upregulated hcp1 expression, with GSH showing the highest increase when compared to the untreated control ( Figure 2A ). Other T6SS1 genes that lie in the same operon as hcp1, such as tssC and vgrG, were also upregulated by GSH ( Figure 2B ). Oxidized GSH (GSSG) did not activate T6SS gene expressions ( Figure 2B ), suggesting that the free thiol moiety in cysteine and GSH, absent in cystine and GSSG, is important for upregulating T6SS1. Expression of virA remained constant in all conditions, indicating that the signal likely acts on VirAG to turn on its transcriptional activity on the T6SS1 cluster instead of upregulating its own expression. (E) Effect of cysteine on hcp1 gene expression in the DvirA mutant and in complemented strains. Wild-type, DvirA + vector, and two complemented strains, DvirA + pVirA and DvirA + pVirAG, were treated without or with cysteine (200 mM). For all panels, assays were performed in duplicate, and values are means ± SD. Data are representative of at least three individual experiments. Transcript levels of virA, hcp1, and rpoB (housekeeping control) genes for all other conditions were normalized to that in untreated wild-type samples. See also Figure S1 .
Regulation of T6SS1 lies downstream of T3SS3 regulators BsaN and BprC ; hence, we investigated whether induction by LMW thiols in culture broth could be attributed by an indirect effect on the upstream T3SS3. We found no inherent defect in T6SS1 gene expression in both DbsaM and DbprC mutants, as hcp1 expression was upregulated to a level comparable to that of the wild-type upon cysteine induction (Figures 2C and 2D) . This also confirms that the inability of DbsaM to upregulate hcp1 expression in host cells at up to 8 hr post infection (Figure 1) was not due to a defect in upregulation, but due to its confinement from the cytosol. DvirA mutant failed to upregulate hcp1 expression upon cysteine induction ( Figure 2E ), proving that LMW thiol-induced hcp1 expression is dependent on the VirA sensor. Complementation by expression of a plasmid-borne copy of virAG in DvirA restored expression of hcp1 upon cysteine induction in broth culture. However, this was not observed in DvirA complemented only with virA. Since coding sequences of virA and virG overlap, it is likely that both virA and virG have to be transcribed and translated together in order to produce a functional TCS. Thus, LMW thiols are signals sensed by VirA for T6SS1 gene expression. Oktyabrsky, 2005) , thiols could alter the redox potential by serving as a reducing agent. Analysis of VirA structure via bioinformatics reveals three conserved domains ( Figure 3A) . MASE1 is the integral membrane sensory domain, HisKinase bears the conserved His site, which is activated via trans-autophosphorylation by the catalytic domain, and HATPase is the catalytic ATP binding domain. The transmembrane (TM) helices and topology were further predicted using TMpred, TMHMM Server v2.0, PHDhtm, and HMMTOP. All programs predicted the same conserved seven TM regions from position 33 to 245 of the amino acid sequence, with discrepancy in the number of TM regions occurring at position 249 to 290. A cytoplasmic N terminus is preferred in all programs, and the transmitter domain in the cytoplasmic region. Hence, a model with an even number of TM helices (10) is preferred ( Figure 3A) . According to the most probable topology predicted, cysteine at position 62 (C62) is exposed to the periplasm, C87 and C214 to the cytoplasm, C235 and C314 are part of the TM helices, and the rest of the cysteines, C358, C434, and C585, are in the cytoplasmic transmitter domain. To determine whether and which cysteine residues in VirA are involved directly in the sensing of thiols, we performed cysteine-to-alanine or -serine substitution on each of them. Interestingly, the VirA C62A variant exhibited an increase in hcp1 gene expression (>10-fold increase) as compared to the wild-type, even without the presence of cysteine in broth culture ( Figure 3B ). The C62S substitution, a more conservative mutation since the hydroxyl group in serine resembles the thiol group, showed the same activated phenotype as C62A. However, addition of cysteine in both substituted variants further potentiated hcp1 expression to a level comparable to that in the wild-type. Hcp1 protein expression mirrored that of mRNA expression ( Figure 3C ). The basal Hcp1 protein expression in Bacterial cells were lysed, and total proteins were resolved on 10% native gel and analyzed by western blot with antibodies against Hcp1 and BopE. (D) Effect of LMW thiols on hcp1 expression in the C62A variant. C62A was treated with cysteine, cystine, GSH, and DTT. All compounds were added at a concentration of 2 mM. Transcript levels of hcp1 gene for all conditions were normalized to that in untreated samples. (E and F) Effect of cysteine and GSH on hcp1 upregulation in C87A and C314S VirA variants. Both variants were treated with (E) cysteine (200 mM) and (F) GSH (200 mM). (G) Expression of hcp1 in various VirA site-directed mutants upon RAW264.7 cell infection. Cells were infected with mid-log phase culture of wildtype, C62A, C87A, and C314S at an moi of 100:1 for 5 hr. Transcript levels of hcp1 gene for all conditions were normalized to that of the wild-type. For (B)-(G), all assays were performed in duplicate, and values are means ± SD. Data are representative of three individual experiments. See also Figure S2 . the C62A variant is also higher than that in the wild-type strain, and a further increase was observed upon cysteine induction. The expression of a T3SS3 effector, BopE, was included as the loading control. The further induction of hcp1 expression in the activated mutants can also be mediated by GSH and DTT ( Figure 3D ), suggesting the presence of additional redox active sites.
Although the C87A and C314S variants demonstrated a lower hcp1 upregulation with cysteine when compared to wild-type in broth culture ( Figure 3E ), no attenuation was observed when GSH was used as the activating signal ( Figure 3F ), suggesting that a higher reducing power in vivo could alleviate the attenuation seen in Figure 3E . This is borne out by our observation that expression of hcp1 in C87A and C314S was comparable to that of the wild-type in infected cells ( Figure 3G ). All other VirA variants behaved like wild-type bacteria and had no effect on hcp1 expression ( Figure S2 ). Therefore, we have shown genetically that C62 in VirA is involved in reaction with LMW thiols.
VirA Dimerizes at C62 and Is Reduced to Monomers by Reducing Agents
To detect VirA protein, we overexpressed HA-tagged B. pseudomallei VirA in B. thailandensis, the surrogate model for B. pseudomallei. Both wild-type VirA and C62A overexpressing strains were cultured in LB broth in the absence or presence of GSH, and VirA protein was detected in whole bacterial lysate through HA antibody. Wild-type VirA was detected in both dimeric (140 kDa) and monomeric (70 kDa) form, whereas C62A only exists as monomers ( Figure 4A ). When the bacteria were grown in medium with GSH, the proportion of VirA dimer was reduced while the monomer correspondingly increased. When reducing agents such as TCEP and GSH were added directly into the lysate, most dimers were reduced, if not all (TCEP) ( Figure 4B ). This shows that under non-activating circumstances without exposure to exogenous GSH, VirA exists as a dimer and C62 is essential for dimerization. The presence of (B) VirA dimers can be reduced by thiol reducing agents. Bacterial cells were lysed, and TCEP (50 mM) and GSH (2 mM) were added to the lysate directly for total reduction. Proteins were resolved on SDS-PAGE and immunoblot with anti-HA antibody. The ratio of dimer to monomer was quantified using ImageJ. See also Figure S3 .
monomeric wild-type VirA even in the absence of GSH is likely an artifact due to overexpression of the protein in this system. We further examined the redox state of cysteine residues in VirA via alkylation with a maleimide compound conjugated to a 10 kDa polyethylene glycol (Malpeg10k). A prominent 100 kDa and a weaker 140 kDa VirA were observed in both wild-type VirA and C62A overexpressing strains ( Figure S3 , middle panel), suggesting alkylation of three and seven free cysteines, contributing to a 30 kDa and 70 kDa increase, respectively. Since we do not see an extra 10 kDa shift with wild-type VirA even though it has one more cysteine than C62A, it is possible that C62 is unavailable for alkylation in the monomeric wild-type VirA because it had undergone S-glutathionylation under the oxidizing environment in the periplasm. However, whether C62 is S-glutathionylated or not does not matter in the activation of T6SS1. The C62A mutant has shown us that the critical factor is the reduction of dimeric VirA to the active monomeric form.
Expression of T6SS1 by Intracellular Bacteria Depends on the Availability of Host GSH Thus far, we have added LMW thiols directly into bacterial broth culture to activate T6SS1 expression. In Gram-negative bacteria, GSH is synthesized by glutathione synthetase, which is encoded by gshB in B. pseudomallei. To examine whether bacterial gshB has a role on hcp1 expression by inducing bacterial GSH production, we compare hcp1 expression in the wild-type and DgshB mutant in infected RAW264.7 cells. No difference was observed in both strains ( Figure S4A ). No changes were observed in bacterial gshB expression in the presence of cysteine, GSH, and DTT, and also upon host cell infection ( Figures S4B and S4C ). These signify that bacterial intracellular GSH does not contribute to T6SS1 induction. The addition of LMW thiols to bacterial cultures increases bacterial intracellular GSH slightly ( Figure S4D ). Such a modest increase suggests that bacterial intracellular GSH pool is quite stable. Unlike Listeria monocytogenes, where activation of PrfA depended on bacterial GSH (Reniere et al., 2015) , activation of VirA depends on exogenous LMW thiols.
In mammalian cells, the two naturally occurring thiols in relative abundance are cysteine and GSH. Together, they account for the highly reducing environment in the cytosol. To compare the dose response of these two thiols on hcp1 activation, we titrated them in Cell Host & Microbe 18, 1-11, July 8, 2015 ª2015 Elsevier Inc. 5
Figure 5. Cellular GSH Is Essential for Upregulating T6SS1 Expression in Intracellular Bacteria
(A and B) Dose-dependent response of cysteine and GSH on hcp1 gene expression. Wild-type bacteria were incubated in sulfur amino acid-free RPMI medium for 5 hr and treated with increasing concentrations of (A) GSH or (B) cysteine for the last 2 hr of incubation. Transcript levels of virA, hcp1, and rpoB genes in treated samples were normalized to that in untreated control. (C) Intracellular GSH concentration is partially depleted in cysteine-deficient HepG2 cells. HepG2 cells were cultured in normal DMEM (cysteine-sufficient medium) or cysteine-free DMEM (cysteine-deficient medium) for 24 hr before lysis for GSH assay. Assay was performed in triplicate, and values are means ± SD. **p < 0.01. (D) T6SS1 expression is decreased in cysteine-deficient HepG2 cells. Similar to (C), cysteine-deficient and normal HepG2 cells were infected with wild-type bacteria at an moi of 100:1 for 5 hr in cysteine-deficient medium. Bacteria grown in the cysteine-deficient medium alone were included as the baseline control. Transcript levels of bsaN, virA, virG, hcp1, and rpoB during cell infection are relative to that in the culture medium.
(legend continued on next page) increasing concentrations. GSH exhibited a stronger induction with the highest degree of upregulation at 600-fold ( Figure 5A ) at 200 mM as compared to a 200-fold increase by cysteine at 2 mM ( Figure 5B ). An upregulation of at least 2-fold was seen with 2 mM of GSH, but only at 50 mM of cysteine. Given the higher abundance and reducing power of GSH over cysteine, GSH is likely the main intracellular signal that triggers VirA activation, which is also supported by our data with the C87A and C314S variants where full activation was achieved only with GSH and inside the host cells, but not with cysteine ( Figures 3E and 3F ). To demonstrate the relevance of our findings in the physiological context, we used HepG2 cells to generate a cysteine-and GSH-deficient infection model. HepG2 cells have very limited capacity to convert methionine to cysteine, due to the lack of expression of a high-Km isoform of methionine adenosyltransferase (MAT1), and require exogenous provision of cysteine . Cells were cultured in the presence or absence of cysteine for 24 hr prior to infection with wild-type B. pseudomallei. Intracellular GSH amount was about 10-fold lower after 24 hr of culture without cysteine (Figure 5C) . Correspondingly, expression of hcp1 in cysteine-deficient cells was significantly lower than in normal HepG2 cells ( Figure 5D ). Similar to normal HepG2 cells, intracellular bacteria in cysteinedeficient cells did not co-localize with LAMP-1-associated vacuoles ( Figure 5E ). Hence, decrease in hcp1 expression during cysteine deficiency is not due to the inability of bacteria to escape into the host cytosol. Even though the expression of T6SS1 regulators, bsaN, virA, and virG, was higher inside host cells, there were no significant differences in the expression of these regulators between normal and cysteine-deficient HepG2 cells. This shows that the effect of GSH deficiency on hcp1 expression is at the level of VirA and not on upstream regulators. We also ascertain the physiological relevance of GSH on hcp1 upregulation in primary peripheral blood mononuclear cells (PBMCs). Since PBMCs are suspension cells and we were unable to wash away the extracellular bacteria effectively, quantifying T6SS1 gene expression using real-time PCR is inappropriate. We infected PBMCs isolated from healthy donors with the wild-type strain conjugated with the Phcpegfp reporter plasmid where EGFP fluorescence acts as a readout for hcp1 expression. DvirAG conjugated with the reporter was included as a negative control. When PBMCs were treated with diethylmaleate (DEM) to deplete GSH prior to infection, the wild-type infected cells show a mean fluorescence intensity (MFI) of 18.9 as compared to 12 in the DvirAG-infected cells (Figure 5F ). Expression of hcp1 decreased significantly from an MFI of 18.9 to 15 with 250 mM DEM and to 12 with 500 mM DEM (Figure 5G) . This drop correlates with a decrease in intracellular GSH from 40 mM in the untreated to 15 mM and 25 mM of free GSH in DEM-treated cells ( Figure 5G ). In summary, GSH deficiency in infected cells resulted in decreased T6SS1 expression, showing that host GSH is the physiological signal that activates T6SS1 during infection.
Decreased Host GSH Concentration Reduces MNGC Formation in Infected Cells
A unique feature of B. pseudomallei and B. thailandensis infection is the formation of MNGCs, attributed to a functional T6SS1 (Burtnick et al., 2011; French et al., 2011) . We investigate whether a reduction in host GSH concentration will cause a defect in MNGC formation. Due to BSL3 constraints, we performed the MNGC assay using B. thailandensis. The VirA protein sequences from the two species are highly similar (86% identity and 90% similarity) as highlighted in Figure S4A . In contrast to B. pseudomallei, B. thailandensis VirA is predicted to have nine TM regions (as compared to 10), and the C17 residue in B. thailandensis, corresponding to C62 in B. pseudomallei, occurs in the N-terminal tail rather than in a periplasmic loop ( Figure 6A ). Both cysteine and GSH significantly upregulate hcp1 expression ( Figure 6B ). When host GSH concentration was depleted by 80% with buthionine sulfoximine (BSO), which inhibits synthesis of GSH, upregulation of hcp1 expression was significantly attenuated as compared to untreated control ( Figures 6C and 6D ). The decrease in host GSH by BSO treatment led to significantly less MNGC formation ( Figure 6E ) that was not due to a reduction in the amount of intracellular bacteria by BSO ( Figure S4B ). This demonstrates the functional relevance of how host GSH sensing by the bacterium contributes to its pathogenesis through the induction of cell fusion.
DISCUSSION
The TCSs are abundantly present in prokaryotes for the regulation of diverse microbial phenotypes (Whitworth, 2012) . These are stimulus-responsive pathways consisting of an HK sensor and a response regulator. Several pathogens utilize TCS to sense their environment to turn on virulence or adaptation pathways. In this work, we describe a regulatory module where the VirAG TCS is coupled to the activation of a T6SS for bacterial virulence in mammalian hosts through thiol redox sensing. This study identifies host intracellular signals regulating T6SS and provides a description of thiol sensing by the MASE1 domain. This mode of virulence regulation may be unique to B. pseudomallei and related species due to their particular life cycles. When B. pseudomallei moves from its saprophytic existence in the soil into a mammalian host, it first activates T3SS3 that is necessary for the early escape of the bacterium from the phagosome into the cytosol upon host cell contact (Burtnick et al., 2008; . The activation of T3SS3 and T6SS1 is coordinately regulated and sequential, with T3SS3 first, followed by T6SS1 . Others had suggested that the intracellular signal required for T6SS1 expression in B. mallei, which shares almost identical T6SS1 regulation with B. pseudomallei, was provided prior to bacterial escape from LAMP-1 vacuoles into the cytosol (Burtnick et al., 2010) . However, we found that the endogenous signals required for T6SS1 activation are in the cytosol. The direct delivery of bacteria into the host cell cytosol by photothermal nanoblade, which bypassed the vacuolar compartments, also turns on T6SS1 function such as induction of MNGC formation (French et al., 2011) . This supports our data that the activating signal sensed by VirA is in the cytosol. This makes biological sense because T6SS1 is only needed when the bacterium gets into the cytosol to mediate cell fusion and intercellular spreading.
VirA is unique among the current known HK sensors. It does not possess a PAS domain, a common sensing motif in HK (Buelow and Raivio, 2010). Instead, it has a little-known MASE-1 domain that was discovered through bioinformatics (Nikolskaya et al., 2003) . MASE-1 is predicted to have eight membranespanning regions, although VirA seems to have 9 or 10, depending on which prediction algorithm one uses. Because MASE1 is an integral membrane domain with short hydrophilic loops between the TM segments, with an abundance of Gly, Ser, and Ala residues, indicating that it has a flexible structure (Popot and Engelman, 2000) , it is postulated to potentially respond to a variety of membrane parameters, such as osmotic pressure, transmembrane electric gradient, or the presence of cations. Surprisingly, we show that VirA responds to LMW thiols in a redox reaction to upregulate T6SS1 genes.
Several thiol-based redox-sensitive transcription factors, such as OxyR in E. coli, which senses ROS and RNS, and the MarR family of sensors MgrA and SarZ in S. aureus, which sense ROS (Antelmann and Zuber, 2010), are well known. These transcription factors are based in bacterial cytosol in a reduced state. In response to ROS, they become oxidized at various cysteine residues to turn on the relevant genes. In Salmonella, the redox-sensitive SsrB HK becomes inactivated when C203 is S-nitrosylated when the bacterium is in the phagosome, effectively shutting down its SPI2, which encodes a T3SS (Husain et al., 2010) . In the ArcAB TCS, cysteines in the ArcB sensor are oxidized by quinone under aerobic conditions and inhibited (Malpica et al., 2004) . Therefore, VirA is unusual because its thiol redox sensing is in the opposite direction, where oxidized VirA is in its quiescent, basal state and reduced VirA is activated. This is only possible because VirA is membrane bound and located in the bacterial periplasmic space. The bacterial cytoplasm is maintained in a reducing environment by the presence of GSH, while the periplasm is in a much more oxidized state, with most resident proteins linked by disulphide bonds (Smirnova and Oktyabrsky, 2005) . Similar to most HK, which operate as dimers for signal transduction (Chang and Stewart, 1998) , VirA dimerizes at C62 via a disulphide bond linkage in its default inactivated state and is reducible to its monomeric form in the presence of GSH. The monomers in an altered conformation could likely drive the activation of its cognate response regulator, VirG. When C62 is substituted to alanine, it already exists in the monomeric active form, which could have accounted for the higher default expression of hcp1. However, reduction of dimers cannot fully explain how GSH modifies and activates VirA, as C62A variant can be further induced by these same thiols. There may be additional redox-sensitive sites present in VirA partner proteins in the periplasm that influence the conformational activation of VirA. In fact, auxillary regulators of HK are widespread and known to interact and influence the sensing domains of HK (Buelow and Raivio, 2010) .
In mammalian cells, GSH is found abundantly in the host cytosol in concentrations ranging from 0.5 to 10 mM (Meister, 1988) , making it a highly reducing environment for biological functions. On the other hand, cysteine is the precursor and limiting substrate to the formation of GSH and is present in much lower concentrations than GSH, at about 400 mM in hepatocytes . Hence, GSH is a major source of nonprotein intracellular reducing equivalents for many biosynthetic processes and exerts protective functions from oxidative damage (Morris et al., 2013) . From our dose titration curves, it is obvious that physiological concentrations of intracellular GSH would be more than sufficient to upregulate bacterial T6SS1 gene expression when bacteria enter the cytosol. We are able to demonstrate the importance of host cytosolic GSH in activating T6SS1 in B. pseudomallei and B. thailandensis in three different cellular models where intracellular GSH concentrations had been drastically reduced. We previously reported that type 2 diabetic patients are highly susceptible to melioidosis because they have a GSH deficiency that impairs their IL-12 and IFNg response to the bacteria . We did not detect any difference in the ability of B. pseudomallei to activate T6SS1 in cells from healthy or diabetic donors (data not shown), which is not surprising given that one would need to have a very severe depletion of GSH, which would be incompatible with life, to see a shutdown of T6SS1. Thus, it is fascinating that B. pseudomallei has exploited this to benefit its own pathogenesis by hijacking host GSH, using it somewhat akin to a ''global positioning system'' to indicate the right time and place for expression of its appropriate virulence cluster.
A recent study in L. monocytogenes showed that PrfA, a master regulator of virulence genes, is activated by GSH. But in contrast to VirA, which is docked at the periplasmic region to sense GSH from the host, PrfA is in the bacterium cytoplasm, and bacterial GSH is the major signal that drives a two-step activation process, the first involving a redox reaction, and subsequently the binding of GSH to PrfA as a potential allosteric effector (Reniere et al., 2015) . This is a much more complicated model where cytosolic PrfA uses bacterial and some host GSH to regulate bacterial transition from the phagosomal space to the host cytosol. However, what is intriguing is that the same ubiquitous molecule regulates virulence in two completely different bacteria, one Gram-positive and one Gramnegative, through different sets of regulators and mechanisms. Interestingly, both Listeria and Burkholderia mediate cell-to-cell spread through the formation of actin comet tails (Stevens et al., 2005; Tilney and Portnoy, 1989) . Listeria enter the adjacent cell by pushing through two cell membranes, whereas Burkholderia fuse adjacent cells into one giant cell before spreading (Toesca et al., 2014). The unifying theme for these two intracellular bacteria Cell Host & Microbe 18, 1-11, July 8, 2015 ª2015 Elsevier Inc. 9 is the need to ''know'' they have arrived in the host cytosol and to turn on their appropriate virulence genes necessary for pathogenesis in the cytosol. Thus, the convergent evolution of using GSH to upregulate virulence may be just one example of how diverse bacteria that share similar life cycles and face similar biological constraints develop different means to achieve a common end.
EXPERIMENTAL PROCEDURES Bacterial Strains and Plasmids
All bacterial strains and plasmids used are listed in Table S1 . Plasmids were introduced into B. pseudomallei and B. thailandensis strains from E. coli S17-1 or SM10 strain by conjugation. Deletion mutants of B. pseudomallei were created as described previously (Teh et al., 2014) . The primers for generating deletion mutants are listed in Table S2 .
Cell Culture and Infection RAW264.7 and HepG2 cell lines were maintained in DMEM supplemented with 10% heat-inactivated FBS. Cysteine depletion in HepG2 cells was done as described previously . Mammalian cells were infected with mid-log culture of various bacterial strains.
Immunofluorescence Staining and Confocal Microscopy
Infected cells were fixed overnight with 1% paraformaldehyde (PFA). Cells were first stained with B. pseudomallei LPS-specific rabbit polyclonal antibodies and goat-anti LAMP-1 antibody simultaneously. This is followed by incubation with donkey anti-goat IgG conjugated with Alexa Fluor 633 and then incubation with goat anti-rabbit IgG conjugated with Pacific Blue (PB). Images were acquired using Carl Zeiss LSM 710 MicroImaging System.
Treatment of Bacteria with LMW Thiols and Analysis of Gene Expression by qRT-PCR
Mid-log phase bacterial cultures of various strains were subcultured in sulfur-free amino acid RPMI for 5 hr. Bacteria were treated with various LMW thiols during the last 2 hr of incubation and lysed with PureZol for RNA isolation. Total RNA isolation, cDNA synthesis, and real-time PCR were performed as described previously . The qRT-PCR primers are listed in Table S3 .
In Situ Site-Directed Mutagenesis of virA in B. pseudomallei Wild-type virA gene was first replaced with an antibiotic-resistant gene. Alanine (GCG) or serine (TCG) substitution of Cys62 (TGC), Cys87, Cys214, Cys235, Cys358, Cys434, and Cys585 in VirA was generated by SDM on plasmids using QuikChange II XL Site-Directed Mutagenesis kit. The plasmids containing mutated copies of virA were introduced into the antibiotic-resistant mutant. Successful double-crossover clones were screened for antibiotic sensitivity with the resistance gene being flipped out and intended mutations inserted into the chromosome. The primers for generating SDM are listed in Table S4 .
Analysis of Hcp1 Protein Expression by Western Blot
B. pseudomallei wild-type strain was subcultured in RPMI serum-free medium with or without cysteine for 8 hr. Bacterial cells were pelleted and lysed with B-PER lysis buffer. The Hcp1 protein was detected by immunoblotting as described previously .
Biochemical Analysis of VirA HA-tagged B. pseudomallei VirA and C62A variant were overexpressed in B. thailandensis on plasmid. B thailandensis strains conjugated with pVirA-HA and pC62A-HA were cultured in LB for 5 hr. Cultures were treated with GSH for the last 2 hr. Bacterial cells were pelleted and lysed in 1% SDS lysis buffer. The lysates were resolved on 4%-15% SDS-PAGE for western blot analysis with an anti-HA antibody (F-7) (Santa Cruz Biotechnology).
Detection of hcp1 Expression in Peripheral Blood Mononuclear Cells
PBMCs were isolated from healthy blood samples (approved by university IRB) and infected with B. pseudomallei wild-type and DvirAG containing Phcp-egfp plasmid. The expression of hcp1 was detected at 488 nM wavelength using cyan flow cytometer.
MNGC Formation
The degree of MNGC formation was estimated as previously described .
Intracellular GSH Concentrations in Cells
HepG2 and RAW264.7 cells were assayed for total intracellular free GSH using the GSH Fluorometric Detection Kit as per manufacturer's instructions.
Statistical Analysis
Student's t test for unpaired samples was used to confirm statistical significance of 95% confidence between two samples compared; *p < 0.05, **p < 0.01. Figure 3B . The fold increases for all strains were then normalized to that in wild-type. 
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES
Bacterial strains and Growth conditions
All B. pseudomallei and B. thailandensis strains were routinely maintained on Trypticase Soy Agar (TSA) (Difco Laboratories). All mutants are derived from the virulent B. pseudomallei clinical strain KHW (Liu et al., 2002) . Overnight cultures were prepared by inoculating few colonies into 2 ml of LB broth and incubating at 37 °C with shaking at 100 rpm while log-phase cultures were prepared by sub-culturing an overnight culture at a 20 X dilution for 2 h. To quantity the bacterial numbers, optical density (OD) of a culture was measured using a spectrophotometer. E. coli used in this study include:
DH5α for cloning, SM10 and S17-1 as donor strains for conjugation during B. pseudomallei mutant construction. (Smith et al., 1995) E. coli DH5α Cloning host (Sambrook et al., 1989 ) S17-1 Donor strain for conjugation (Simon et al., 1983) SM10 Donor strain for conjugation (Simon et al., 1983) Plasmid pK18mobsacB Conjugative, suicide vector (Schafer et al., 1994) pFRTT1 pGEM contains FRT sites and tetRA sequence (Sun et al., 2010) Deletion mutants were created as described previously with some modification (Teh et al., 2014) .
Bacterial genomic DNA from B. pseudomallei KHW strain was extracted using the GenElute Bacterial Genomic kit (Sigma) and served as the template for amplification of all B. pseudomallei genes. Deletion mutants, ΔvirA, ΔvirA::tet and ΔgshB were generated from the KHW wild-type strain by allelic exchange. The gene locus virA (BPSS1495) and gshB (BPSL0437) with reference to the genome sequence of K96243 strain (Genbank: NC_006351), was targeted for deletion. Briefly, approximately 1 kb fragments upstream and downstream of targeted genes were amplified from KHW genomic DNA using the primers listed in Table S2 . PCR amplifications were carried out with the MyCycler TM thermo cycler machine (BioRad) using the following conditions: 95°C for 5 min, 30 cycles each of 10 s at 95 °C, 30 s at gradient annealing temperature from 56 to 61 °C, extension time of 1 min per kb at 72 °C, and a final extension of 5 min at 72 °C. PCR products were purified using the Wizard SV PCR Clean-Up system (Promega), and cloned into pK18mobsacB vector (Schafer et al., 1994) using In-Fusion PCR cloning kit (Clontech) according to manufacturer's instruction.
Plasmids pKO-virA and pKO-virA::tet were subsequently conjugated into B. pseudomallei wild-type strain through E.coli S17-1. Conjugations were performed on non-selective LB agar for 3 h at 37°C before transferring filters onto selective TSA plates. Clones with successful single cross-over by homologous recombination were first selected on TSA plate with 250 µg/ml kanamycin and 50 µg/ml gentamycin. Positive clones were then subjected to four passages of growth in LB + 15% sucrose to counter-select against the sacB present in pk18mobsacB. Resulting cultures are plated on LB plates and patched onto selective Km r TSA plates. Successful double cross-over clones were screened for via colony PCR for the deletion of virA and gshB from kanamycin-sensitive, and tetracycline resistant colonies for ΔvirA::tet. The ΔvirA::tet mutants were for the generation of site-directed mutants, after which they were destroyed.
Construction of virA and virAG complementation and hcp1 reporter plasmids
Full-length virA (BPSS1495) and virAG (BPSS1494-1495) coding sequences with their upstream endogenous promoter in B. pseudomallei were cloned in a broad host range vector for expression. For pPhcp-egfp which is a reporter plasmid for hcp1 gene expression, the endogenous hcp1 promoter and egfp gene were amplified from KHW genomic DNA and pIRES-EGFP (Clontech) respectively before cloning into the plasmid. The primers used to amplify the full-length genes or promoters are listed in the table below. PCR conditions and cloning was done using In-Fusion PCR cloning kit (Clontech) according to manufacturer's instructions. Successful plasmids were transformed into E. coli SM10 conjugating strain before conjugating to wild-type B. pseudomallei on membrane filters.
Overexpression of VirA in B. thailandensis.
B. pseudomallei wild-type VirA (BPSS1495) and C62A variant were overexpressed in trans in B.
thailandensis using the pMLBAD expression plasmid. For detection purposes, HA sequence was cloned downstream of the virA coding sequence. Briefly, both wild-type virA /C62A variant sequence and HA sequence were amplified from pK18-virAwt /pK18-C62A (described in SDM section) and pBBR-BopE-HA plasmid (Miller JF, UCLA, LA) respectively before cloning into the pMLBAD plasmid under P bad promoter. Cloning was performed using In-Fusion PCR cloning kit (Clontech), with the primers used for amplification listed in the table below. Successful plasmids were then conjugated into wild-type B. thailandensis from E. coli SM10. units/ml penicillin (Gibco), and 0.1 mg/ ml streptomycin (Gibco) (DMEM complete) in a humidified 37°C, 5% CO 2 tissue-culture incubator.
RAW264.7 cell infection
RAW264.7 cells were seeded overnight at 0.5 X 10 6 cells/ml in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and streptomycin-penicillin (Gibco).
Prior to infection, medium was changed to RPMI (Gibco) supplemented with 10 % FBS prior to infection with mid-log phase bacterial culture. Kanamycin (250 µg/ml) was added at 2 h post infection to kill off extracellular bacteria. At indicated time points, infected cells were washed with 1X PBS and lysed with 1 ml of Purezol (Biorad) for RNA isolation.
Cysteine depletion in HepG2 cells and infection
To deplete intracellular GSH in HepG2 hepatocellular carcinoma cells , sulfur amino acid-free DMEM (Sigma) supplemented with 10% FBS, 2 mM L-glutamine and 1 X MEM solution was used as the experimental medium . HepG2 cells were seeded at 0.5 X 10 6 cells/well in 12 well plate in cysteine sufficient medium (+ Cys: 0.2 mM cysteine + 0.1 mM methionine) or cysteine deficient medium (-Cys: 0.1 mM methionine only). After 24 h of incubation, all cultured media were changed to -Cys medium prior to infection with a log-phase KHW culture. Cell death was comparable between the two conditions after 24 h as assayed using Trypan Blue exclusion. Total number of intracellular bacteria
Treatment of bacterial strains with LMW thiols
Mid-log phase bacterial culture of various strains (2 X 10 8 cfu) were subcultured in sulfur-free amino acids RPMI for 5 h. Bacteria were treated with various LMW thiols during the last 2 h of incubation.
After 5 h post incubation, bacterial cells were pelleted at 4000 rpm for 3 min and lysed with 1 ml of PureZol (Biorad) for quantitative RT-PCR analysis.
Quantitative RT-PCR (qRT-PCR) analysis
Total RNA isolation, cDNA synthesis and Real-Time PCR were performed as described previously with some modifications . Briefly, RNA was purified using Illustra RNAspin Mini
Kit together with On-column DNase treatment according to manufacturer's protocol (GE Healthcare Life Science). cDNA was synthesized using the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific) according to manufacturer's protocol. Transcripts of various genes were quantified using iQ TM SYBR Green Supermix for iQ5 (BioRad) in a BioRad iQ5 Thermo Cycler machine. Primers used for real-time PCR detection were listed in Table S3 . All real-time PCR reactions were done in duplicate. Relative mRNA level of a particular gene in conditions treated with compounds or in test medium was normalized to that of untreated control using the 2 -ΔΔ Ct method with 16S rRNA as the reference gene (Livak and Schmittgen, 2001 ). Table S4 with intended mutations for SDM were designed using the web-based QuikChange Primer Design Program (http://www.stratagene.com/qcprimerdesign) and PCR was carried out according to the manufacturer instruction as stated in the kit. PCR products were incubated with Dpn1 for 1 h at 37 °C to digest the original methylated DNA template, before transformation into XL10 Gold ultracompetent cells. Successful clones carrying desired mutations were verified by sequencing (1st Base, Singapore). Mutagenesis of Cys314 to Ser (C314S) was not successful using the above method. As such, primers encompassing the C314S mutations and with their respective paired primers were used to amplify from wild-type genomic DNA to generate two fragments that were cloned directly into pK18mobsacB vector by In-fusion PCR cloning kit. The resulting plasmids were then introduced into B. pseudomallei ΔvirA::tet strains by conjugation from E. coli S17-1. In situ SDM mutants were constructed similarly to knock out mutants as described above. Successful doublecross over clones were screened for Tet sensitivity with the tet marker being flipped out and intended mutations inserted into the chromosome. Sequencing was carried out from colony PCR products to confirm the site-directed mutations. ΔvirA::tet was destroyed after all SDM mutants were obtained. 
Western blot analysis for Hcp1 protein expression
Wild-type strain was sub-cultured in 5 ml of RPMI serum free medium (Gibco) at 5 X dilution from the overnight culture. To one culture sample, 0.2 mM of cysteine was added directly into the culture.
After 8 h, bacterial cells were pelleted by centrifugation at 4000 rpm for 5 min. Whole cell lysates were prepared by lysis with 1 ml of B-PER lysis buffer (Thermo-Scientific) supplemented with 200 µg/ml of lysozyme (Sigma), 25 µg/ml of deoxyribonuclease (DNase) (Sigma) and 1X protease inhibitor cocktail (Thermo-Scientific). As Hcp1 monoclonal antibody can only detect Hcp1 in its native form, non-denaturing condition was used for resolving the protein lysate. Buffer exchange was performed on the cell lysate with 10 ml of 1X PBS and concentrated with a 10 kDa Vivaspin Blots were visualized using Pierce ECL Plus Western Blotting Substrate (Thermo Scientific) and developed using X-ray film (Thermo Scientific).
Biochemical analysis of VirA
HA-tagged B. pseudomallei VirA and C62A variant were over expressed in B. thailandensis on plasmid pVirA-HA and pC62A-HA respectively. Overnight culture of B thailandensis strains containing pVirA-HA and pC62A-HA were sub-cultured in LB and grown at 30 °C for 5h. Cultures were treated with GSH (0.2 mM and 2 mM) for the last 2h. After 5 h of incubation, OD 600 was taken for normalization across cultures according to bacterial amount. Appropriate amount of culture (0.5 ml, OD 600 =0.5) from each condition was centrifuged at 14,000 X g for 3 min and the bacterial pellet were lysed with 100 µl of 1% SDS lysis buffer (1% SDS in 100 mM Tris-HCl, pH 6.8) and incubated for 20 min at room temperature (rtp). To reduce VirA dimers in the lysate, 50 mM of TCEP (Sigma) and 2 mM of GSH were added into the lysis buffer and incubated 20 min at 37 ºC. For chemical alkylation with maleimide PEG 10 kd (Malpeg10k, Sigma), total proteins in the culture were first precipitated directly with a final concentration of 10% trichloroacetic acid (TCA, Sigma) for 20 min at 4 ºC. For total reduction of protein, bacterial cells were pelleted and lysed with 4% SDS lysis buffer (4% SDS in 100 mM Tris-HCl, pH 6.8) containing TCEP (50 mM) at 95 °C for 10 min before TCA precipitation. Precipitated proteins were pelleted at 21,000 X g for 10 min at 4 ºC and washed once with 1 ml ice-cold acetone and left to air dry at rtp. Protein pellets were then solubilized in 100 µl of 4% SDS lysis buffer. To 60 µl of the solubilized protein, 0.5 mM of Malpeg10k was added and incubated for 20 min at rtp and re-precipitated with TCA and the resulting pellet dissolved in 30 µl of 4 % SDS lysis buffer. To all lysates and TCA-precipitated protein samples, 10 µl of 4X SDS non-reducing sample buffer was added to 30 µl of each sample and 10 µl of the resulting mixture was resolved on 4-15% SDS-PAGE for Western Blot analysis with HA-probe antibody conjugated to HRP.
Densitometry of proteins from the same blot was performed using Image J 1.48 (NIH) Software (http://rsb.info.nih.gov/ij/index.html). Relative density in each condition was calculated by dividing the density of dimer over its respective monomer.
Isolation of Peripheral Blood Mononuclear Cells (PBMCs)
PBMCs were isolated from healthy donors' blood (approved by university IRB) by density gradient centrifugation using Histopaque 1077 (Sigma). Following cell separation, PBMCs were recovered and washed twice with 1X PBS at 400 g for 5 min before they were resuspended in antibiotic-free RPMI supplemented with 10 % heat-inactivated FBS (Gibco).
Detection of hcp1 expression in PBMCs by flow cytometry
PBMCs (1 X 10 6 cells/well) were treated with 250 µM or 500 µM DEM for 4 h. Cells were then infected with overnight culture of KHW + Phcp-egfp and ΔvirAG + Phcp-egfp at MOI of 100:1.
Infected cells were centrifuged at 250 g for 5 min before being incubated at 37 °C and 5 % CO 2 . After 2 h of infection, cells were washed once with 1X PBS and fixed in 4 % PFA for 10 min at room temperature. Fixed cells were centrifuged at 400 g for 5 min and resuspended in 1 X PBS supplemented with 0.5 % BSA (VWR) and 2 mM EDTA (Biorad). The expression of hcp1 was detected at 488 nM wavelength using Cyan flow cytometer (CyAn ADP Analyzer, Beckman Coulter).
Data were analyzed using FlowJo software.
Quantitative of MNGC formation
The degree of MNGC formation was estimated as previously described . 
Bioinformatics analysis
The protein sequence of VirA BPSS1495 (B. pseudomallei) and VirA BTH-II0871 (B. thailandensis)
retrieved from NCBI (Genbank: YP_111502, YP_439068.1 respectively) were analyzed for conserved domains using NCBI Conserved Domains database. From the search, domains such as MASE1, HisKA and HATPase were identified and mapped onto the schematic diagram for both VirA proteins. VirA from both species were analyzed for similarity using NCBI blast. Transmembrane Supernatants collected after centrifugation at 12, 000 rpm for 5 min, at 4 ⁰C were assayed for free intracellular GSH using the GSH Fluorometric Detection Kit (Arbor Assays), as per manufacturer's instructions.
